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Introduction 

It is widely recognized in the pharmaceutical field that 
exposure of solid drugs (small molecules or proteins) to high 
relative humidity and the resulting association of water vapor 
with the solid generally accelerate the rate of chemical 
degradation. 1 Although there are true solid-state reactions 
that take place only in the crystalline state or to a much lesser 
extent in the liquid or solution state than in the crystal^ 2,3 
most instabilities observed for drugs occur in solution much 
more readily than in the solid state; when they do occur over 
practical time scales in the solid state, it is very likely that 
the reaction is taking place in the more disordered amorphous 
regions of the solid. 4 Indeed, it has been shown in a number 
of cases that under otherwise identical conditions reactivity 
of a particular substance in the amorphous state is greater 
than that in "the crystalline state. 5 " 8 

Generally, for reactions occurring in the amorphous solid 
state, the rate of reactivity increases with increasing water 
content, and this can be attributed to the ability of the 
amorphous solid to absorb water vapor into its bulk structure, 
forming an amorphous solution, 9 ' 10 In a few cases it has been 
re ported that a certain amount of water must be present to 
ensure chemical stability, e.g., lipid peroxidation rates de- 
cease with the addition of small amounts of water; 11,12 
however, a destabilizing effect of absorbed water is more 
generally the case for the major types of drug degradations, 
e -g., hydrolysis, oxidation, or deamidation, 

An examination of the literature indicates that discussions ' 
concerning solid-state reactivity in the amorphous state have 
| 0 Uowed along two lines. In some work correlations appear 
|° exist between the rate of reactivity and the glass transition, 
^perature, T gi strongly supporting the role of water as a . 
P^sticizer in facilitating chemical reactivity by increasing 
Molecular mobility. 13 ' 14 In other studies, a lack of correlation 
With Tg ls and reactivity well below T g 16 . has been shown to 
° c cur, and there also appears to be a better correlation of 
Activity with water activity, c W) defined as: 



G w =p/p 0 (1) 

where p 0 is the vapor pressure of liquid water at temperature, 
T\ p is the vapor pressure of water in the system containing 
the solid, and p/p Q x 100 is taken as the relative humidity, 
RH, The use of a w as a point of reference with regard to the 
role of water is convenient since through the water vapor 
absorption isotherm a relationship between a w or RH and* 
water content can be established. However, the use of such 
a parameter, in itself, provides limited physical insight into 
the actual mechanistic role of water at a particular water 
content. 17 Consequently, in this minireview we briefly exam- 
ine in more quantitative terms how water can affect chemical 
reactions, in the solid amorphous state,* offering a means by 
which one can characterize the relative role of different 
possible effects in a more quantitative manner. 

General Considerations 

In attempting to discuss the role of water in affecting 
chemical reactivity, we can consider two parameters, the 
maximal extent of degradation and the rate of degradation. 
From a pharmaceutical perspective, the maximal extent of the 
reaction is not a critical factor given the limited degradation 
normally allowed over the shelf life of the drug substance. 
However, attention to this parameter, coupled with the rate 
of the reaction, can provide some important insights for later 
discussion. For reversible reactions, the extent of conversion 
can be determined from a knowledge of the equilibrium 
constant. (See ref 18 for details.) For example, for reaction 



A+B^C+D 
the equilibrium constant, K t can be represented as 



q c q D _ CXpXp) (ycVp) 
a A a B (X A X B ) (XaXb) 



(2) 



(3) 



where ac, aDi ob, and cia are the activities of products and 
reactants; Xc, X$, X%, and X A are the concentrations of 



products and reactants; and yc, yx>> Yh, and /a are the 
corresponding activity coefficients. 

It should be noted that such thermochemical concepts 
traditionally have been applied for solution reactions (e.g., see 
refs 18 and 19) and inorganic solid-state reactions (e.g., ref 
20). Recently, such a thermodynamic description has been 
extended to organic solid-state reactions. 21 * 22 

If water is one of the reactants or products, the concentra- 
tion or activity of water must be included in the above 
equation, and a change of water activity or concentration will 
directly influence the maximal extent of the reaction. If water 
does not participate as a reactant or product, a change in 
water content can influence the extent of degradation through 
an indirect effect on the activities of the various reactants and 
products. 

The general rate of the reaction, V, presented above can be 
represented in terms of the consumption of chemical, A, in 
the form 

V=-^ = kf{X A X B ) (4) 

where RXaXb) indicates some function of Xa^b and k is the 
rate constant. The rate of the reaction therefore can be 
affected in two ways: (1) by changing" the concentration of 
reactants without affecting k and (2) by changing k. Obvi- 
ously, some reactions can be more complex, involving a 
number of intermediate reactions with corresponding rate 
constants, but the principles discussed below will be applicable 
to any of the rate-determining steps. 

From our understanding of solution chemistry, we know 
that a change in the composition of the reaction medium 
(solvent) can cause a change in k and that there are two 
possible types of medium effects relevant to this discussion. 
For reactions under kinetic control, from transition-state 
theory, 23 we can write 

where R is the universal gas constant, T is absolute temper- 
ature, N A is Avogadro's number, h is Plank's constant, and 
AG* is the Gibbs free energy of activation. In such a case 
the influence of the medium on k will be through an effect on 
the Gibbs free energy of the reactant, activated complex, or 
both. A number of more or less empirical relationships 
connecting certain physieochemical characteristics of a solvent 
and the rate constant, k, are available (e.g., ref 24). 

For reactions involving two species under diffusion control 
(very likely to be important in the amorphous solid state), the 
rate constant k can be expressed as 25 

k = 4^*D^ A (6) 

where d* is a collision diameter, D r is the diffusion coefficient 
of the reactants, and N A is Avogadro's number. A possible 
medium effect in this case would be through an effect on the 
diffusion coefficient, D T , or, in other words, through an effect 
on molecular mobility. 

Thus, from these simple considerations we can see at least 
four ways by which residual absorbed water can affect 
chemical stability in the amorphous state. First, water can 
act as a direct reactant with the drug and, hence, influence 
the rate of the reaction through its concentration and the 
maximal extent of reaction through its activity. This would 
be true, for example, in various hydrolytic reactions. Second, 
water may impact on chemical reactivity as a product of the 
reaction, likewise through its activity by having an inhibiting 
effect on the extent of the forward reaction. Examples of 
reactions producing water would include the Maillard reaction 
(nonenzymatic browning). 26 Third, water dissolved in the 



Table 1— Content of Remaining Drug (Percent of Initial) for Reversible 
and Irreversible Reactions in Which Water Is a Reactant 



Water 






K = 


10* . 




0.1« 


Content; 


Irreversible 


Irreversible 


MW 


MW 


MW 


MW 


%(w/w) 


MW15 000* 


MW300* 


15 000 6 


300* 


15 000* 


300* 


0.1 


16.6 


98.3 


31.5 


98.3 


78.1 


98.5 


1 


0 


83.2 


• 1.3 


83.5 


42:4 


91.4 


3 


0 


48.5 


0.4 


52.7 


23.4 


83.0 



9 K\$ the equilibrium constant.for the reversible reaction. b MW represents the 
molecular weight of the drug. 



amorphous matrix can simply act as a medium (solvent) to 
influence the local polarity without directly participating \xi 
the reaction. Fourth, water by virtue of its solubility in the 
amorphous phase, its high free volume, and low T g (135 K) 
can exert a very significant effect on the mechanical properties 
of the solid as a plasticizer, reducing viscosity arid therefore 
enhancing diffusivity. 9 - 13 

Numerical Examples 

To provide some basis for assessing the relative contribu- 
tions of the various modes by which water can affect reactivity 
in the amorphous state, we provide below some numerical 
examples with respect to an expected effect from each mode 
under typical conditions. Although such estimates must be 
very approximate, we believe that they provide a basis for a 
more realistic discussion about the most important roles that 
water plays in such drug degradation. 

Water as a Reactant— Let us consider the hydrolysis of 
two preparations with molecular weight 300 and 15 000 at 
0.1%, 1%, and 3% residual water content and calculate the 
molar percent of remaining drug as a function of initial water 
content for an irreversible reaction and for a reversible 
reaction (eq 2) with K equal to 10 or 0.1. (Note that such 
values are reasonable in practical terms, as in the case of acid- 
catalyzed hydrolysis of some acids where K is 0.15-0.40.* 7 ) 
In this calculation we assume that (ycyD)/(yAyB) in eq 3 is 
equal to 1, as has been discussed. 19 Details of the calculation 
of the maximal equilibrium conversion can be found, for 
example, in ref 18. As shown in Table 1, and as expected, 
the more water that is present in the system the greater the 
extent of the reaction. We can also see how K and the 
molecular weight can influence the extent of the reaction at 
the same initial* water content. In th e case of the irreversible 
reaction, a critical extent of conversion, e.g., 10% degradation, 
for the high molecular weight preparation, e.g., a protein, will 
be achieved at only 0.012% of water content; whereas for the 
low molecular weight preparation, the critical water content 
is 0.6%. If the reaction is reversible, the critical water content 
can be higher. For example, for the low molecular weight 
preparation at K= 0.1, maximal degradation will be less than 
10% at a 1% water content. 

With regard to the effect of initial water content on the rate 
of reactivity,' V, by direct involvement in the reaction, we can 
see through the rate equation below (assuming an irreversible 
biomolecular reaction) that 

7 = fc[W][A] CO 
where [W] is the water concentration, that the rate will be 
proportional to the water concentration and that the rate will 
increase 10- and 30-fold with a corresponding increase in 
water content from 0.1% to 1% and 3%, respectively. 

Water as a Product— If water is produced during the 
course of a reaction, it can be expected to possibly contribute 
directly to the reaction or indirectly through medium effects 
to be described in more detail below. With regard to more 
direct effects on the reaction, if water is a product of * 
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Table 2-Content of Remaining Drug (Percent of Initial) for a Reversible 
Reaction in Which Water Is a Product 

~7~ K = 10* K=QA 3 
Water Content, 

% (w/w) . MW 15 000* M W 300* MW 1 5 000* MW 300° 



0.1 

1 

3 



2.1 
17.9 
85.5 



3.7 
20.3 
87.3 



68.0 
95.6 
99.8 



71.9 

95:6 

99.8 



a K\s the equilibrium constant for the reversible reaction. b MW represents the 
molecular weight of the drug. 

Table 3— Rate Constants Relative to the Rate Constant at Zero Water 
Content for Reactions in Organic Solvents at Different Water Contents 

0% 2% 5% 10% .20% 
Reaction Water Water Water Water Water Ref 



No. 



ta Sorvolysisof £BuCI 
1b Nucieophilic substitution, 
unimoiecular ^BuBr 

2 Nucieophilic substitution, 

biomolecular MesS* + ~OH 

3 Nucieophilic substitution, 

unimoiecular M3u*$Me2 



1 1.87 4.14 12.9 68 28 

1 66 29 

1 0.025 29 

1 0.65 29 



Table 4— Rate Constants Relative to the Rate Constant at 0.1% of Water 


for the Reactions from Table 3 






Water Content, % 


No.l* 


No, 2* No. 3 C 


0.1 


1 


1 1 


1 


1.3 


0.98 0.5 


3 


2.5 


0:96 ' 0.17 



'Column no : 1: charge density of the transition state- is greater than that of 
the reactant state. b Column no. 2: charge density of the transition state is about 
the same as for the reactant state. c Column no. 3: charge density of the transition 
state is lower than that of the reactant state. 

particular reaction, its presence would be expected to be an 
inhibitor of the reaction, unless the reaction is irreversible. 
Table 2 gives the amount of remaining drug, at maximal 
reactivity for a reversible reaction, calculated for two equi- 
librium constants and three initial water contents where the 
reaction is between a drug (molecular weight either 300 or 
15 000) and an excipient (molecular weight 324), both in a 
matrix of inert amorphous diluent polymer with a polymer/ 
excipient drug weight ratio of 90/9/1. It can be seen that 
molecular weight does not have any significant effect on the 
extent of the reaction opposite to what we saw with water as 
a reactant (see Table 1), but there is a significant inhibiting 
effect with increasing initial water content and an increase 
in the value of K. 

Water as a Medium— It is well recognized that a reaction 
rate for the same reaction can differ significantly when carried 
out in different solvents that do not directly become involved 
in the reaction as react ants or products. As can be seen in 
Table 3, for a few examples from the literature, increasing 
water content (increasing solvent polarity) from 0% to 20% 
can greatly increase some reactions (reaction 1), decrease 
others (reaction 2), and have very little effect on others 
(reaction 3). Table 4 shows how increasing the water content 
from 0.1% to 1% and 3% changes the relative rate constants 
for each of the reactions given in Table 3. These relative rate 
constants were obtained by linear interpolation of the data 
m Table 3. What we can conclude from this analysis is that 
medium effects due to residual water in tne amorphous state 
can be significant, but that the direction and extent of this 
effect will depend on the nature (e.g., polarity, specific 
Ovation) of the transition state for the particular reaction 
causing degradation. 



Water as a Plasticizer— As mentioned above it is very 
likely under some conditions particularly near to and below 
T 5 that reactions taking place in the amorphous state will be 
limited by the molecular mobility of all reactants. Conse- 
quently, we can expect residual water to play some role as a 
plasticizer in such cases. To assess this effect more quanti- 
tatively, it would be desirable to be able to estimate the effects 
of absorbed water on the molecular mobility of the drug and 
other reactants participating in the reaction. 

Molecular mobility can involve translational or rotational 
motions of entire molecules, or segments of macromolecules, 
as well as intramolecular motions involving specific portions 
of the molecule, e.g., methyl group rotations. The transla- 
tional and rotational motions of most molecules in single- or 
multiple-component systems, as reflected in the diffusion 
coefficient, are generally strongly coupled to shear viscosity, 
7. 30 If, however, one species is much smaller than the matrix 
molecules within which diffusion takes place, diffusion will 
be more weakly coupled, 31 as most likely will be intramolecu- 
lar motions. For this discussion and for illustrative purposes, 
let us consider the most general situation where a reaction 
between two substances is diffusion-limited such that the 
relationship between the translational diffusion coefficient D r 
and shear viscosity 77 is given by the Stokes -Einstein equation 

kT (8) 
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where r is the molecular radius, k is the Boltzmann constant, 
and T is temperature. In actuality for amorphous materials 
near the glass transition temperature, measured diffusion 
coefficients generally have values greater than predicted from 
eq 8, being proportional to rj~* rather than rj' 1 with values of 
£ generally being less than I. 32 If we assume that the reaction 
rate constant k is proportional to the diffusion coefficient D T 
(eq 6), we can then express the relative change in k as 



*1 £>H W 



(9) 



where the subscripts 1 and 2 represent zero water content 
and hydrated sample, respectively. Hence, knowing how 
absorbed water changes ??i to 772 can give- us the ratio £2 tk\. 

A number of equations describing the temperature depen- 
dence of viscosity for amorphous systems are available, (For 
a review, see ref 33.) Most of them, based on free volume 
theory, use a reference temperature, e.g., T e in the Willi am s- 
Landel-Ferry equation or T 0 in the Vogel-Tarnm an -Ful cher 
(VTF) equation. We will use the VTF equation (eq 10 below) 
since it allows us to describe viscosity below T s> where many 
reactions of pharmaceutical interest can take place. Thus, 
at temperature T in units of Kelvin 



£ = exp(^) 



(10) 



where rj 0 is the viscosity of the system as T -* «, 7/ is the 
viscosity at temperature T, T 0 is the temperature at which rj 
becomes effectively infinite, and D is a constant characteristic 
of the fragility of a particular amorphous material, i.e., the 
manner in which viscosity changes with temperature (to be 
discussed). 34 It has been further shown 84 that at T = T g , one 
can rewrite eq 10 as 



7\_ j) 
T 0 ~ 1 + [2.303 log(^ 0 )] 



(11) 



where rj e is the viscosity at T g . It has been shown for many 
systems that logCV^o) is equal to about 17, 34 and therefore 
we can estimate T 0 knowing T g and D from 



Table 5— Effect of Water on the Relative Rate Constants for 



Diffusion-Controlled Reactions at 30 ?C as a Function of Fragility (0) J 


Water Content, 
%(WAv) 


r fll °c 




0=10 


0=30 






r 0 ,°c w 


0 


75 


4.1 


1 


-76.1 1 


0.1 


74.3 


3.6 


6.4 


-76.1 1 


1 


68.1 


-1.5 


4.8 x10 5 ' 


-80.0 9.5 


3 


55.1 


-11.7 


3.1 x 10 14 


-87.3 475 



'The materials have the same dry 7" g and L vs water content profiles {K = 
0.3 in the Gordon-Taylor Equation). = 0.75* 2 (incomplete coupling between 
D and 77) has been, used in the calculation of fe/fr, (eq 9); at £ = 1 (complete 
coupling between diffusion coefficient and viscosity) the water effect is even more 
considerable. 



T =- 



1 + : 



D 



(12) 



(2.303(17))J 

and in turn calculate t] from eq 10, at any water content 
associated with a particular value of T e produced due to the 
presence of water. 

To estimate T g for different water contents, we can use an 
equation that often has been successful in describing the T g 
of a mixture of two components in terms of their individual 
T g values, T gl and the Gordon-Taylor equation, 9 ' 35 where 



B w x + Kw 2 



(13) 



where w\ and wz are weight fractions and K is a constant 
characteristic of the system. 

To carry out our estimation of 71/772, we will choose two 
amorphous systems having the same T % in the dry form but 
exhibiting different responses to temperature change (degree 
of fragility 34 ), as reflected in the value of D in eq 10. Most 
glass-forming materials of interest have values of D that fall 
in the range of 2-100. 34 A value of 30 would represent the 
expected fragility of a protein, 86 while a value of 10 would be 
reasonable for a small molecule like indomethacin. 37 We will 
further assume, as has been shown for a few systems, 36 that 
the fragility of a solid (D) does not change significantly with 
water content. Furthermore, we will choose a Gordon-Taylor 
constant, K, equal to 0.3, since its value generally falls in a 
range 0.15-0.35, 38 and a T g for the dry amorphous material 
of 75 °C or 348 K, a' reasonable value for a small molecule. 

Table 5 gives T 5 , T 0 , and the relative rate constants at 30 
°C, k^k\ equal to (771/772)*, with £ = 0.75, as a function of water 
content for a material having K = 0.3 and D = 10 or 30. It 
can be seen in the fourth and sixth columns that increasing 
the water content by only a few percent of water can increase 
a d^fxusion-limited reaction by several orders of magnitude 
through its plasticizing effects and that this effect can be quite 
different depending on the value of D for the solid: the more 
fragile the system (smaller D values) the greater the effect of 
water on the reaction rate. 

Conclusions 

In this minireview we have attempted to provide a basis 
for establishing the relative importance of different mecha- 
nisms by which water can influence the rates of reaction 
taking place in the amorphous state. The nature of the 
specific reaction will determine whether water acts as a 
reactant or product and whether water as a polar medium 
will increase, decrease, or have no effect on the reaction. In 
all cases we expect absorbed water to have some effect on the 
molecular mobility of the system and, hence, some effect on 
reactions requiring some molecular motion as a rate-limiting 
step. This certainly will be critical for any reaction involving 



the translatibnal diffusion of two or more reactants including 
water, but it may also play a role when certain rotational 
motions or intramolecular motions are critical for reactivity 
Such effects should be particularly important if the reaction 
takes place at temperatures in the vicinity ofTg or below T 
Critical to how significant this effect will be. is the extent to 
which T g is reduced by absorbed water and the intrinsic 
dynamic properties of the amorphous solid as reflected in its 
extent of fragility (D) as defined in the VTF equation. Thus 
we can conclude, for example, for systems with values of D in 
the range of 2-100 and with Gordon-Taylor constants of 
0.15-0.35, that a 10-fold increase in water content from 0.1% 
to 1% for reactions where all potential effects of water would 
be operative would change the apparent rate constant as a 
reactant by a factor of 10, as a polar medium by a factor of 
0.2-2 (in either direction), and as a plasticizer by a factor of 
10 l -10 6 . Consequently, to fully understand the relative 
importance of such effects on a particular solid-state reaction 
encountered during drug .product development, it will be 
useful to study the reaction in solution close to those expected 
to occur in the amorphous state and to assess potential 
mechanisms involving water as a reactant or medium. It 
would then be useful to determine the various parameters 
associated with the solid amorphous state, T g , T 0f D, etc. 
When other components, such as excipients (including buff- 
ers), are present, obviously, the characterization of these 
parameters will be more complex. However, it should be 
possible to make reasonable assumptions and approximations 
to establish a baseline for further experiments. 



References and Notes 

1. Carstensen, J. T. Solid Pharmaceutics: Mechanical properties 
and Rate Phenomena; Academic Press: New York, 1980. 

2. Sukenik, C. N.; Bonapace, J. A. P.; Mandel, N. S.; Lau, P.-Y.; 
Wood, G.; Bergman, R. G, J. Am, Chem. Soc. 1977, 55, 851- 
858. 

3. Sukenik, C. R; Bonapace, J. A. P.; Mandel, N. S.; Bergman, R. 
G.; Lau, P.-Y.; Wood, G. J. Am. Chem. Soc. 1975, 57, 5290- 
5291. 

4. Ahlneck, C; Zografi, G. Int.. J. Pharm. 1990, 62, 87-95. 

5. Oberholtzer, E. R.; Brenner, G. S. J. Pharm. ScL 1979, 63, S63- 
866. 

6. Pikal, M. J.; Lukes, A. L.; Jang, J. E. J. Pharm. Sci. 1977, 66, 
1312-1316. 

7. Bawn, C. E. H. In Chemistry of the Solid State; Garner, W. E., 
Ed.; Academic Press: New York, Butterworths Scientific Publi- 
cations: London, 1955, pp 254-267. 

8. Carstensen, J. T. Morris, T. J. Pharm. Sci. 1993, 52, 657-659. 

9. Hancock, B. C.; Zografi, G. Pharm. Res. 1993, 10, 1262-1267. 

10. Zografi, G; Hancock, B. In Topics in Pharmaceutical Sciences; 
Crommelin, D. J. A., Midha, K. K., Nagai, T., Eds.; Medpharm 
Scientific Publishers: Stuttgart, 1993; pp 405-419. 

11. Labuza, T. P. In Water Relations in Foods; Duckworth, R. B., 
Ed.; Academic Press: New York, 1975; pp 455-474. 

12. Karel, M. In Autoxidation in Food and Biological Systems; Simic, 
M. G., Karel, M., Eds.; Plenum Press: London, 1980. 

13. Levine, H.; Slade, L. In TVie Glassy State in Foods; Biansbard, 
J. M. V.; Lillford, P. J., Eds.; Nottingham Press: Nottingham, 
1993; p 35. 

14. .Roy, M. L.; Pikal, M. J.; Rickard, E. C; Maloney, A. M. Deo. 
Biol Stand. 1991, 74, 232-340. 

15. Bell, L. N.; Hageman, M. J. J. Agric. Food Chem. 1994, 42, 
2398-2401. 

16. Karel, M.; Buera, M. P.; Roos, Y. In The Glassy State in Foods; 
Blanshard, J. M. V., Lillford, P. J., Eds.; Nottingham Press: 
Nottingham, 1993; p 13. 

17. Franks, F. Trends Food Sci. Technol. 1991, March, 68-72. 

18. Glasstone, S. Textbook of Physical Chemistry; D. Van Nostrand 
Co.: Princeton, NJ, 1946; p 842. 

19. Maskill, H. The Physical B asis of Organic Chemistry; Oxford 
University Press: Oxford, 1990; p 137. 

20. Kaufman, L.; Nesor, H. Relation of the Thermochemistry and 
Phase Diagrams. In Treatise on Solid-State Chemistry; Hannay, 
N. B., Ed.; Plenum Press: New York, 1973; Vol. 5, pp 179-232. 

21. Luty, T.; Eckhardt, C. J. J. Am. Chem. Soc. 1995, 117, 2441- 



1 140 / Journal of Pharmaceutical Sciences 



22. Shalaev, E. Y.; Zografi, G. J. Phys, Org. Chem., in press, 

23. Eyring, H.; Lin, S. H.; Lin, S. M. Basic Chemical Kinetics; John 
WUey & Sons, Inc.: New York, 1980, p 126. 

24. Reichardt, C. Solvent Effects in Organic Chemistry; Verlag 
Cheime: Weinheim, German, 1979. 

25. Rice, S. A. Comprehensive Chemical Kinetics, u.25. Diffusion- 
Limited Reactions; Bamford, C. H., Tipper, C. F. H., Compton, 
R. G., Eds.; Elsevier: Amsterdam, 1985. 

26. Hodge, J. E. Agric. Food Chem. 1953, 1, 928-943. 

27. Schultz, R. F. J. Am. Chem. Soc. 1939, 61, 1443-1447. 

28. Winstein, S.; Fainberg, A. H. J. Am. Chem. Soc. 1957, 79, 5937- 
5950. 

29. Ingold, C. K. Structure and Mechanism in Organic Chemistry, 
2nd ed.; Cornell University Press: London, 1969; pp 462, 684. 

30. Cussler, E. L. Diffusion. Mass Transfer in Fluid Systems; 
University Press: Cambridge, 1984; p 121. 

31. Oksanen, C. A.; Zografi, G. Fharm. Res. 1993, 10, 791-799. 

32. Fujara, F.; Geil, B.; Sillescu, H.; Fleischer, G. Z. Phys. B: 
Condens. Matter 1992, 88, 195-204. 



33. Mansfield, M. L. In The Glassy State in Foods; Blanshard J 
M. V., Lillford, P. J., Eds.; Nottingham Press: Nottingham, 
1993; p 103. 

34. Angeli, G. A.; Poole, P. H.; Shao, J. II Nuovo Cimento 1994, 16D, 
8, Agosto, 993-1025. 

35. Gordon, M; Taylor, J. S. J. AppL Chem. 1952, 2, 493-500. 

36. Green, J. L.; Fan, J.; Angeli, C. A. J. Phys. Chem. 1994, 98, 
13780-13790. ' ' 

37. Andronis, V.; Zografi, G. Unpublished results. 

38. Hancock, B. C; Zografi, G. Pharm.Res. 1994, 11, 471-477. 

Acknowledgments 

The authors acknowledge the financial support of the Joint Purdue/ 
Wisconsin Industrial Program. Evgenyi Shalaev thanks the admin- 
istration of SRC VB Vector (Koltsovo, Russia) for a leave of absence 
which enabled him to complete these studies. 

JS960257O 



